INTRODUCTION
Substation connectors are among the most critical elements to take into account during the design and maintenance of an electrical substation [1] . Although being simple devices, connectors play a key role in substations, since they ensure a suitable electrical conduction between the different parts of the facility. Therefore a correct design is a matter of interest and concern. Industry and utilities apply different international standard tests to ensure the appropriate design and performance of the new connectors [2] . These tests are aimed at ensuring a correct behavior regarding mechanical, thermal, corrosion, ageing or corona discharge performance, among others.
When designing a new device, instrument or machine, and thus before being manufactured, the new design is often fully verified by means of extensive experimental validation to ensure reliability and suitable performance, especially when mathematical models are not available.
Depending on the apparatus to be designed, extensive experimental evaluation of full scale prototypes exhibit inherent drawbacks including long test times [3] , low controllability, high cost [4] , added complexity [5] and occasionally present a limited scope [6] .
Downscale modeling and testing is a powerful tool that can partially offset these limitations, offering an attractive, simpler and economical solution. This approach can be applied in diverse engineering areas including heat transfer [3] , [7] , electrical [8] and mechanical [9] engineering among others. The emergence and everyday use of powerful digital software and computers has a major role and impact on design procedures and capabilities. This digital power facilitates the development of accurate and powerful design tools to generate scale models for the industry [3] .
Reduced scale models, have been applied extensively in fields such as aerodynamics [10] and aeronautics [11] , [12] . In the aeronautics area, subscale models are nowadays considered as an essential, valuable and viable design tools [11] . In addition, this approach possibilities systematically analyzing and adjusting the downscale models and some geometric parameters can be verified over a wide range of values [8] . Downscale prototypes must completely characterize the full-scale object in a realistic manner in order to draw equivalences between the downscale prototype and the full scale object [8] . Reduced-scale tests have also been applied in the electrical engineering area in a wide range of applications, often related to the analysis of other phenomena, including microgrid research [13] , grounding resistance calculations [14] , overheat faults in gas-insulated switchgear [4] , transient overvoltage distribution in power transformer windings [5] , streaming currents distribution in large power transformers [15] or to perform breakdown tests in high-voltage applications [6] , [8] , among others.
This document proposes a new methodology to ensure a suitable thermal behavior of substation connectors based on reduced scale models and tests. To this end, the temperature rise test described in the ANSI/NEMA CC1 standard [16] and the short-time withstand current and peak withstand tests, usually known as short-circuit tests, detailed in the IEC 62271-1:2007 international standard [17] are replicated at both full and reduced scales. These reduced scale thermal tests are especially appealing for this application due to the huge power and energy requirements of the facilities and laboratories necessary to conduct such tests. Temperature rise tests and especially short-circuit tests must be performed in high-current laboratories, which have huge electrical power requirements in terms of energy consumed and instantaneous power [18] .
Because of the scarcity and singularity and the laboratories required, the manufacturers habitually have to face long waiting times before tests are carried out, thus increasing manufacturing costs and time to market. Tests performed in these laboratories are also expensive [19] and not practical for the development of prototypes due to the inherent limitations of being carried out in external installations and by external technicians. These limitations can be partially overcome by means of reduced scale tests. Depending on the scaling factor, the power requirements can be much lower, materials cost minimized, sample preparation simplified and expedited and installation of the experimental setup and test times reduced due to the scaled down thermal inertia of the reduced-scale samples. To ensure appropriate thermal performance of the designed power connectors according to the requirements imposed by the international standards, it is necessary to develop suitable calculation methods to determine the values of the main parameters such as scale, applied current or test duration among others of the reduced scale sample to be tested. By this way an equivalent thermal behavior between the downscaled and the full scale sample can be satisfied. This approach assumes that the results obtained from reduced scale tests can be extrapolated to full scale tests. Unfortunately, the scaling process is a complex task since when deriving equivalences between reduced and full scale tests, phenomena such as radiative and especially convective cooling must be analyzed carefully due to the change in the cooling rates because of the modification of the geometric dimensions [9] .
Simulations based on the finite element method (FEM) are being applied for this purpose [14] , [20] , since this approach allows performing analyzing full and reduced scale tests with great accuracy, reduced costs and reasonable simulation times. In this paper FEM simulations are used jointly with experimental tests as a means to further validate the proposed approach since they are widely applied for virtual testing. Results provided by FEM simulations are not affected by experimental factors such as tolerances of the measuring devices or interferences due to external causes. However, there is a lack of works analyzing in detail the transient thermal behavior of downscale prototypes [3] although dynamic scaled models are appealing since they allow solving economically and accurately numerous industry problems. Previous studies have shown that scaled dynamic models can be applied for thermal problems [21] .
At the knowledge of the authors of this work, dynamic reduced scale models of electrical equipment have been not reported in the electrical engineering area, this paper aiming to fill this gap. The main goal of this paper is to develop a new scaling procedure to assist the initial design of substation connectors with special emphasis on their transient thermal performance. The method developed in this work can be applied to diverse power devices such as hardware for power lines and substations, or busbars among others, to guarantee an enhanced thermal performance during operation.
STANDARD ELECTRO-THERMAL TESTS
The most common electro-thermal standard tests applied to substation connectors are regulated under the ANSI/NEMA CC1-2009 [16] and IEC 62271-1:2007 [17] international standards.
According to the ANSI/NEMA CC1-2009, the temperature rise test evaluates the performance of the connector at 100%, 125% and 150% of the nominal current of the reference conductor of the analyzed substation connector. To pass the test, the temperature of the connector must always be lower than the temperature of the conductor, at the three current levels.
Short-circuits produce sudden electro-mechanical and thermal stresses [22] . It is, therefore, imperative to design mechanical and thermal-surge-resistant power devices to fulfill the requirements imposed by the international standards in order to minimize the risks associated to these extreme conditions. IEC 62271-1:2007 describes the most widely accepted standard procedure to test substation connectors under short-circuit occurrence. Short-circuit tests are usually performed at the estimated short-circuit current of the substation. Due to the transient nature of the short-circuit current, the mathematical expression of the short-circuit current can be described as a two-term equation, a dc-component and a steady state terms [1] . The IEC 62271- 
TEST SCALING APPROACH AND THERMAL SIMILARITY
The following hypothesis are formulated to analyze the scaling factors, 6  The final temperature of both, the full and reduced scale test samples, reached during the electro-thermal tests must be the same, since the temperature is the most influencing parameter in such tests.
 The materials of the conductor and connector remain unchanged for the samples studied in both scales.
 The torque applied to the bolting elements of the connectors is scaled to maintain the mechanical pressure applied to the apparent area of contact.
Reduced-scale tests are often based on a dynamic similarity criterion, and to define the experiemnts, dimensionless groups can be used [23] [24] . Dynamic similarity is achieved when the dimensionless groups provide the same numerical results for the different scales. In the problem under analysis, this means same temperatures at same evaluation times. To achieve this goal, it is often required to change the materials of the downscale samples or the surrounding fluid, thus denaturalizing the purpose of the test. However, thermal similarity is less restrictive, since it does not imposes the characteristic dimensionless groups to have the same values [3] , [25] . The tests performed at both scales are thermally similar when the homologous surfaces reach equal or homologous temperatures at homologous times [26] . To achieve this condition, the heat-flow distribution in the two scales must be similar.
A. Temperature rise test
The aim of this test is to ensure that the connector under test operates properly at the three current levels which are defined by the rated current of the reference conductor [27] . The connector passes this test when its temperature is below the temperature of the reference conductor at any current level. Downscale temperature rise tests pursue to apply the exact amount of current to reach the same steady-state temperature than that in the full scale test, for both the connector and the reference conductor, although the rise time interval can be different for both scales.
The dimensionless groups arising from the heat conduction equation and the boundary conditions to be evaluated to ensure thermal similitude between the solid and the surrounding fluid are summarized in Table I [25] .
HERE TABLE I
It is noted that the four dimensionless groups shown in Table I depend on the characteristic length of the problem, which is considered as the cubic root of the integration volume [28] , and thus on the scaling factor. Dimensionless groups Π1 and Π2 are related to the heat conduction through the solid material and through the air due to radiative cooling. As deducted from their mathematical expressions, any scale reduction while conserving the surface temperature leads to a linear growth of the conduction term, since the distance between the solid core of the analyzed object and its surface is reduced by the scaling factor, as proved in (1).
n being the scaling factor defined as the ratio between the linear dimensions of the full scale (FS) and reduced scale (RS) test objects and T∞ the air temperature far from the analyzed object.
The dimensionless Grashof number [29] , Gr, is related to the natural convection phenomenon, since it represents the ratio between buoyancy and viscous forces in the fluid surrounding the solid object. When reducing the scale of the problem, the Gr number is also reduced as in Eq. (2).
Finally, the Pomerantsev number, Po, is defined as the ratio between the volumetric heat sources and thermal conduction through the solid. Since the amount of volumetric heat generated 8 decreases with the scale of the problem, the Po dimensionless number also decreases as,
Rearranging Eq. (3), the ratio between IRS and IFS can be expressed as,
It is noted that Eq. (4) expresses the relationship between IRS and IFS in order to achieve the same steady-state temperature, although the duration of the temperature rise test for both scales is different. It is noted that Eq. (4) takes into account convective and radiative effects, without any change in the materials of the scaled test objects.
B. Short-circuit test
During the short-circuit test, since the short circuit is a very fast phenomenon, the adiabatic assumption applies [19] , [30] . By considering an adiabatic process, it is assumed no heat transfer, and thus the effects of conduction, radiation and convection are neglected, and thus,
By assuming the same temperature rise, duration and materials for both scales, Eq. (5) results in,
From Eq. (6) it results, 
Finally, the relationship between the reduced scale and full scale currents factor for the shortcircuit currents to achieve the same temperature raise with the same short-circuit duration under the adiabatic assumption can be expressed as, Eq. (4) calculates the current ratio for the temperature rise test (considering conductive, convective and radiative phenomena) to achieve the same steady-state temperature with different duration for both scales, Eq. (10) applies the adiabatic approximation during the short-circuit transient, which pursues obtaining the same temperature by assuming the same short-circuit duration for both scales.
FEM MODEL
3D-FEM (Three-dimensional finite element method) is a recognized and flexible simulation tool to accurately simulate the thermal behavior of 3D devices such as sensors [31] , connectors [1] , bus bars [28] , power transformers [33] or to model spray evaporative cooling processes [34] , among others. The model applied in this research performs a Multiphysics electric-thermal analysis using the commercial Comsol software [35] . ) are calculated as,
It is noted that pJoule is the heat source in the heat conduction equation [36] , [37] ,
By considering the electrical resistivity e to be temperature-dependent, Eq. (12) results in [38] ,
Simulations consider isotropic materials and , k and Cp with constant values.
To set the initial condition of the thermal analysis, it is supposed that the test object has been acclimated to the conditions of the indoor area of test. The boundary condition at the solid/air interface including natural convection and radiation with the external ambient can be expressed as [25] , 4 4
n  being the unit vector normal to the solid/air boundary.
Due to the complex physical phenomena involved [39] , convection cooling is often analyzed from experimental data supported by dimensional analysis [40] . The convective heat transfer coefficient h is assumed to depend on temperature, thus being recalculated at each iteration of the FEM simulations. More details about the calculation of h and the 3D-FEM mode in general is found in [1] .
ANALYZED CONNECTORS AND EXPERIMENTAL SETUP

Analyzed substation connectors
This work studies T-type mechanical substation connectors made of A356 aluminum alloy. To validate the hypothesis made in this work, full scale and reduced scale specimens are analyzed, as shown in Fig. 2 . The scaling ratio n was set according to market restrictions. The first restriction is related to the commercially available HTLS (high temperature low sag) conductors, so the scaling ratio was set to n = 1.745, since this is the ratio between the diameters of the HTLS aluminum conductors dealt with. The second restriction refers to the commercially available metrics of the bolting elements, that is, M10 and M6 for the full scale and reduced scale connectors, respectively.
Whereas the full scale connector is connected to GTACSR 464 CONDOR conductors, the reduced scale connector is designed to fit with GTACSR 131-19 conductors.
HERE FIGURE 2
Tables II and III summarize the main dimensions and physical characteristics of the connectors and conductors used for both FS and RS tests.
HERE TABLE II HERE TABLE III
Experimental Setup
The experimental setup to perform temperature rise tests consists of a bi-phase 120 kVA, 0-400 V, variable autotransformer connected to a 120 kVA step-down 400/10 V power transformer unit with output current range 0-10 kA. This equipment is placed at the AMBER laboratory of the Universitat Politècnica de Catalunya (Spain). The test loop including the analyzed substation connectors was connected to the output of this transformer, as shown in Fig. 3 Temperatures were registered every 10 seconds using an acquisition card. Temperature rise tests were conducted indoors at atmospheric conditions (12 ºC, 985.6 hPa and 56 % relative humidity).
The typical tolerance of these sensors is ±0.5 ºC [41] within -40ºC ≤ T ≤ 125ºC and ±0.004ꞏT within 125ºC ≤ T ≤ 350ºC.
HERE FIGURE 3
Experimental short-circuit tests were conducted at the facilities of Veiki VNL laboratory (Budapest, Hungary). The experimental setup to conduct such tests is able to provide up to 170 kApeak and up to 1000 MVA. It consists of a protective circuit breaker, a synchronized making switch, a reactor set, two three-phase regulating transformer units and two short-circuit transformers. The output voltage and current were acquired by means of a 1kV/100V calibrated voltage divider and a calibrated Rogowski coil. Temperature was measured by means of calibrated Class 1 K-type PFA-exposed welded-tip thermocouples with a diameter of 2 mm inserted in small holes drilled in the bodies of the connectors and in the conductors. The thermocouples signals, which were registered every 100 s, were acquired by means of a digital acquisition card through an analog converter. The typical tolerance of these sensors is ±1.5 ºC within the analyzed temperature range. Short-circuit tests were conducted outdoors at atmospheric conditions. Fig. 4 shows the loop analyzed for the short-circuit tests.
HERE FIGURE 4
RESULTS
This section validates the developments made in Section IV by means of FEM (finite element method simulations) and experimental results. The electro-thermal model of the FEM simulations presented in this paper are based on the models found in [1] . Experimental results are conducted by means of the setups detailed in Section V.
Temperature rise tests
This section compares the temperature evolution during the temperature rise test for both scales obtained through FEM simulations and by means of experimental results.
Due to the use of HTLS conductors, which operate at temperatures much higher than those of the traditional conductors, temperature rise tests were conducted at 100%, 110% and 120% of the rated current of the FS reference HTLS conductor, which are summarized in Table IV . Once the values of the three current steps have been settled for the FS tests, the current steps of the RS test are calculated from Eq. (4).
HERE TABLE IV
It is noted that the conductors dealt with to fit with the FS and RS connectors have been tested at 1200 ARMS (GTACSR 464 CONDOR), the rated current, and at the 110% (1320 ARMS) and 120% (1440 ARMS) of this current. The three current steps applied to the RS tests have been scaled by applying Eq. (4), the ratio between the RS and FS current derived in this work. Fig. 5 shows the temperature evolution of the temperature rise test for the FS and RS analyzed loops.
HERE FIGURE 5
Results in Fig. 5 show that the solutions provided by FEM simulations are in close agreement with experimental results. It is also noted that by applying Eq. (4), the temperature rise of the RS samples is the same as in the FS samples for the three current steps thus validating the applicability and accuracy of Eq. (4).
Some FEM and experimental results are summarized and compared in Table V. HERE TABLE V
Short-time withstand current and peak withstand test
Short-time withstand current and peak withstand tests are conducted to ensure the resilience of electrical equipment to the unpredictable and hazardous effects of short-circuit faults. Shortcircuits are usually fast transient phenomena, since the electrical protections have typical actuation time less than one second. Substation connectors are tested to withstand a short-time current of several tens of kilo-amps, typically during 1 s [1] . These results provide valuable data to be used during the optimal design process of such devices. The standard short-circuit test often contains two parts, the rated peak withstand current test and the rated short-time withstand current test [17] . The connector passes the test when its temperature is less than that of the reference conductor. Table VI summarizes the currents applied during the peak withstand current and short-time withstand current tests.
HERE TABLE VI
It is noted that from the experimental values of the FS peak withstand and short-time withstand currents, the ones related to the RS test are obtained by applying Eq. (10), which has been applied supposing adiabatic conditions.
Figs. 6 show the 0.3 s transient stage of the experimental and simulated peak withstand current test as well as the short-time withstand current test with a duration of 1 s. Figs. 6a and 6b show, respectively, the results of FEM simulations and the experimental ones of the temperature rise and the cooling stages during the peak withstand current tests for both scales.
HERE FIGURE 6
Results presented in Fig. 6 clearly show that the connectors and conductors of both scales reach the same temperature just after the peak withstand current test, although, as expected, the RS tested components cool down faster during the cooling stage.
Figs. 7a and 7b show, respectively, FEM and experimental results of the temperature rise and the subsequent cooling phase during the short-time withstand current tests for both, the FS and RS samples analyzed.
HERE FIGURE 7
Results presented in Fig. 7 show, once again, that just after the end of the short-circuit transient, the temperature reached for the FS components is the same that of the RS components. These results validate the approach applied in Section III. Once the short-circuit current has been cleared, the cooling process for both scales has different time-constant due to the different mass of the two scales, as well as inherent differences in the convective phenomena due to the different sizes of the metallic faces in contact with the surrounding air.
Results summarized in Figs. 6 and 7 validate the applicability and accuracy of Eq. (10).
Some FEM and experimental results are summarized and compared in Table VII.   HERE TABLE VII 
